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Introduction
============

Keratin polypeptides 7, 8, 18, 19, and 20 are the cytoskeletal intermediate filament (IF) proteins of intestinal epithelia ([@bib34]; [@bib56]). Keratin 8 (K8) is the major type II keratin in digestive organs, including the small and large intestine, where it forms obligate noncovalent heteropolymers with one or more of the type I keratins K18, K19, or K20 depending on the cell and tissue involved ([@bib15]). K8 ablation results in 50% embryolethality in FVB/n mice and is accompanied by female sterility, colonic hyperplasia, colitis, rectal prolapse, loose stools ([@bib6], [@bib5]; [@bib26]), and mistargeting of jejunal apical membrane proteins ([@bib4]). In addition, K8-null mice have partially distorted hepatic and pancreatic morphology ([@bib33]; [@bib51], [@bib53]) and are markedly predisposed to various forms of liver ([@bib33]; [@bib51]; [@bib12]; [@bib55]), but not pancreatic, injury ([@bib52]). Since K8 stabilizes its partner K18, K19, and K20 proteins, K8-null mouse jejunal enterocytes are essentially devoid of cytoplasmic IF proteins except in crypt and goblet cells, which express low levels of K7 ([@bib5]; [@bib4]).

The major function of K8/18 in the liver is protection from mechanical and nonmechanical forms of stress ([@bib35]), which was initially noted for the epidermal keratins K5/14 ([@bib19]). This function is also noted in oral/esophageal (K4/13) and ocular (K3/12) keratins and is supported by the accumulating number of keratin and corresponding cell type--specific diseases ([@bib24]; [@bib29]). In contrast, keratin function in the intestine is poorly understood, although the K8-null mouse phenotype suggests a potential role in cell growth, differentiation, or targeting of proteins to the apical compartment.

The water content of stool is controlled by intestinal fluid absorption and secretion, which in turn is regulated mainly by Na and Cl transport across the apical membrane of small intestinal and colonic epithelial cells ([@bib7]; [@bib27]; [@bib31]). Active Na absorption can occur through electrogenic transport (e.g., the epithelial Na channel ENaC) or through electroneutral NaCl absorption, generally a result of coupled Na-H (Na/H exchanger 3 \[NHE3\]) and Cl/HCO~3~ (down-regulated in adenoma \[DRA\]) exchangers. Cl absorption can be passive along favorable electrochemical gradients, or active such as electroneutral Cl/HCO~3~ exchange (e.g., DRA) or NaCl absorption (NHE3 in concert with DRA). The cystic fibrosis transmembrane receptor (CFTR), and the basolateral anion exchanger 2 (AE2; Cl/HCO~3~) are also important in maintaining Na/Cl balance ([@bib8]; [@bib27]; [@bib31]). Epithelial cell polarity and the cytoskeletal microfilament and microtubule maintenance of such polarity are known to be important for vectorial ion transport ([@bib22]), while any potential role for keratin IF is unknown and has not been studied. Although diarrhea was reported in qualitative terms in K8-null mice ([@bib5]), its pathogenesis and biological basis are unknown. To address these issues, we used K8-null mice to test the hypothesis that keratins may play a role in colonic electrolyte transport.

Results
=======

Diarrhea in K8-null mice associates with abnormal colonic active Na and Cl transport but is unrelated to altered paracellular transport
---------------------------------------------------------------------------------------------------------------------------------------

Since previous studies only mentioned that K8-null mice have watery stool ([@bib5]), we first quantified the diarrhea in K8−/−, K8+/−, and K8+/+ mice. K8−/− mice produce loose stool ([Fig. 1, A and B](#fig1){ref-type="fig"}) and have significantly higher stool water content and lower body weight compared with K8+/+ ([Fig. 1](#fig1){ref-type="fig"} C). Isolated colonocytes/crypt-units from K8−/− and K8+/+ mice had similar viability (96%; [Fig. 1](#fig1){ref-type="fig"} D), and their purity was confirmed by staining using anti-keratin antibodies ([Fig. 1](#fig1){ref-type="fig"} D) and lack of reactivity with vimentin antibodies (not depicted). This indicates that K8-null colonocytes/crypts are similar to pancreatic acinar cells ([@bib52]) as contrasted with hepatocytes ([@bib33]), in terms of their lack of fragility upon isolation.

![**Gross colonic morphology and stool characterization of K8 mouse genotypes.** (A) The entire colon from cecum to rectum was excised from K8+/− and K8−/− mice. Note the thicker K8−/− colon compared with the K8+/− colon (which is identical to K8+/+) through which stool pellets (arrows) can be seen. (B) K8−/− stool is loose as compared with K8+/− stool pellets. (C) Percent stool hydration ± SD and relative stool wet weight (normalized to K8+/+). P \< 0.0001 (K8−/− vs. WT); P \< 0.0002 (K8−/− vs. K8+/−) when comparing stool percent hydration. (D) Colonocytes/crypt-units were isolated from K8+/+ (a and b) and K8−/− (c and d) colon and shown as phase contrast images (a and c) or after immunostaining for K8/18 (red) and nuclei (blue; b and d). Viability was determined by measuring the percent of LDH leakage and is given as average of three experiments ± SD. Bar, 50 μm (for b and d).](200308103f1){#fig1}

To understand the physiologic basis of diarrhea in K8-null mice, we asked whether it could be caused by a "leaky" colonic epithelium. Conductance of colonic tissues, a measure of tight junction function, was not significantly different in all three genotypes ([Fig. 2](#fig2){ref-type="fig"} A): 19.3 ± 1.8 (K8−/−), 15.7 ± 1.4 (K8+/−), and 17.9 ± 2.1 mS/cm^2^ (K8+/+). Mucosal-to-serosal ^14^C-urea fluxes across the distal colon, reflecting paracellular transport, were also similar in K8−/−, K8+/−, and K8+/+ mice (0.050 ± 0.005, 0.048 ± 0.007, and 0.050 ± 0.005 mmol/h/cm^2^, respectively; [Fig. 2](#fig2){ref-type="fig"} B). These observations indicate that the diarrhea of K8−/− mice is not related to altered paracellular transport or increased tight junction permeability.

![**Conductance and paracellular transport of \[^14^C\]urea in distal colon of K8+/+, +/−, and −/− mice.** Distal colon from K8+/+, +/−, or −/− mice was mounted in lucite chambers. Conductance was determined from short circuit current (I~sc~) and potential difference (P.D.). Conductance (A) and urea fluxes, J~ms~ ^urea^ (B), represent the average of two 15-min intervals and are expressed as mean ± SEM. *n*, number of tissues studied in each group. \*, not significantly different from K8+/+.](200308103f2){#fig2}

Since paracellular transport is normal in K8−/− mice, we examined colonic ion transport by studying the short circuit current (I~sc~) and active transport of Na and Cl. I~sc~ was dramatically decreased in K8−/− and K8+/− mice compared with K8+/+ mice (1.8 ± 0.4, 3.0 ± 0.6, and 5.6 ± 0.4 μEq/h/cm^2^, respectively; [Fig. 3](#fig3){ref-type="fig"} A). Net Na absorption was also markedly decreased in K8−/− and K8+/− mice compared with K8+/+ mice (1.6 ± 0.6, 3.8 ± 1.3, and 5.4 ± 0.4 μEq/h/cm^2^, respectively; [Fig. 3](#fig3){ref-type="fig"} B). Net Cl fluxes decreased significantly in K8−/− and K8+/− mice ([Fig. 3](#fig3){ref-type="fig"} C), with reversal of net Cl movement to net Cl secretion in K8−/− mice as compared with net Cl absorption in K8+/− and K8+/+ mice (−5.5 ± 0.9, 1.2 ± 0.4, and 5.4 ± 0.7 μEq/h/cm^2^, respectively). Hence, active transport of both Na and Cl are significantly altered in K8−/− and K8+/− mice.

![**Short circuit current and net Na and Cl fluxes in distal colon.** I~sc~ (A) and unidirectional mucosa-to-serosa and serosa-to-mucosa fluxes of ^22^Na (B) and ^36^Cl (C) were measured under voltage-clamp conditions across distal colon of K8+/+, +/−, and −/− mice bathed in normal Ringer solutions in lucite chambers. Net Na (J~net~ ^Na^) and Cl (J~net~ ^Cl^) fluxes were calculated as the difference between mucosa-to-serosa and serosa-to-mucosa fluxes between conductance-matched tissue pairs (average of two 15-min intervals expressed as mean ± SEM). *n*, number of tissue pairs studied in each group. \*, P \< 0.005; \*\*, P \< 0.002; \*\*\*, not significantly different (when compared with K8+/+).](200308103f3){#fig3}

Na and Cl transport in WT and K8-null mice
------------------------------------------

Before embarking on studying altered Na/Cl transport in K8−/− mice, we examined baseline transport characteristics of K8+/+ mouse distal colon because little is known regarding such transport in mouse as compared with rat colon ([@bib31]). Removal of mucosal Na abolished the I~sc~ (0.6 ± 0.7 vs. 4.0 ± 0.7 μEq/h/cm^2^; [Fig. 4](#fig4){ref-type="fig"} A), suggesting the presence of an electrogenic Na-linked absorptive transport process. Na removal from the serosal side did not alter the I~sc~ (3.7 ± 0.3 \[−Na\] vs. 3.6 ±0.6 μEq/h/cm^2^ \[+Na\], not depicted, *n* = 3). However, net Cl fluxes were not significantly different upon Na removal (4.7 ± 1.8 vs. 4.9 ± 2.6 μEq/h/cm^2^; [Fig. 4](#fig4){ref-type="fig"} B). Therefore, the decrease in I~sc~ after mucosal Na removal is not related to Cl secretion, but is likely due to inhibition of electrogenic Na absorption.

![**Effect of external Na and Cl substitution on I~sc~ and net Na and Cl fluxes in WT and K8-null mouse colon.** (A and B) Distal colon from K8+/+ mice was mounted in lucite chambers and bathed in Na-free Ringer solution on the mucosal side and Na-containing Ringer solution on the serosal side. Unidirectional Cl fluxes were determined (−Na), and then the mucosal solution was replaced with Na-containing solution and allowed to equilibrate for 15 min, and fluxes were determined (+Na) again. (C and D) K8+/+ distal colon was bathed in Cl-free Ringer solution on the mucosal and serosal sides, and then Na fluxes were determined (−Cl) as above. Mucosal and serosal solutions were replaced with Cl-containing solution (+Cl) and fluxes were determined. Results represent an average of two time periods from five (A and B) and three (C and D) tissue pairs and are expressed as mean ± SEM. \*, P \< 0.005 compared with +Na; \*\*, not statistically significant compared with +Na; **^§^**, P \< 0.001 compared with +Cl; **^§§^**, P \< 0.05 compared with +Cl. (E and F) Distal colon (in lucite chambers) from K8−/− mice bathed in Na-free or Cl-free Ringer solutions. I~sc~ was measured, and the results represent the average of two 15-min intervals determined from six tissues in each group expressed as mean ± SEM. \*, not statistically significant compared with control +Na or +Cl solutions, respectively.](200308103f4){#fig4}

We also assessed the effect of Cl removal from the serosal or mucosal side. Cl removal decreased I~sc~ significantly (2.4 ± 0.2 vs. 5.9 ± 0.5 μEq/h/cm^2^; [Fig. 4](#fig4){ref-type="fig"} C) and decreased net Na absorption (3.5 ± 0.7 vs. 5.8 ± 0.4 μEq/h/cm^2^; [Fig. 4](#fig4){ref-type="fig"} D), which indicate that electrogenic Na absorption is partially Cl dependent. However, addition of 100 μM amiloride, which inhibits the electrogenic Na transporter ENaC, failed to inhibit I~sc~ (3.8 ±1.0 \[+amiloride\] vs. 3.5 ±0.7 μEq/h/cm^2^ \[−amiloride\]) and caused a limited decrease in J~ms~ ^Na^ (12.7 ±2.4 \[+amiloride\] vs. 14.9 ±12.7 μEq/h/cm^2^ \[−amiloride\]) (not depicted). These data suggest that K8+/+ mice have an electrogenic but amiloride-insensitive Na absorption that is partly Cl dependent, while Cl absorption is Na independent.

In contrast to findings in K8+/+ mice, mucosal Na removal in K8−/− mice resulted in a nonsignificant decrease in I~sc~ (0.5 ± 0.1 vs. 0.9 ± 0.2 μEq/h/cm^2^; [Fig. 4](#fig4){ref-type="fig"} E). Similarly, Cl removal had a minimal effect on the I~sc~ in K8−/− mice (1.2 ± 0.5 vs. 1.0 ± 0.4 μEq/h/cm^2^; [Fig. 4](#fig4){ref-type="fig"} F). Serosal Na removal did not alter I~sc~ in K8−/− mice (2.4 ± 1.3 \[−Na\] vs. 2.2 ±1.3 μEq/h/cm^2^ \[+Na\], not depicted, *n* = 3). This indicates that most of the remaining Na absorption in K8−/− mice is nonelectrogenic and chloride independent.

Effect of pharmacologic agents on colonic ion transport in K8-null mice
-----------------------------------------------------------------------

Active Cl secretion in K8−/− mice, instead of the normal expected absorption, could result from absence of normal Cl absorption or induction of Cl secretion, or both. To test these possibilities, we first studied the effect of bumetanide, an inhibitor of the basolateral sodium-potassium-chloride cotransporter (Na-K-2Cl), that blocks basolateral Cl uptake and consequently inhibits Cl secretion. Bumetanide significantly decreased I~sc~ in K8+/+ (4.9 ± 0.3 vs. 2.9 ± 1.4 μEq/h/cm^2^; [Fig. 5](#fig5){ref-type="fig"} A) but not in K8−/− (1.1 ± 0.3 vs. 0.7 ± 0.2 μEq/h/cm^2^; [Fig. 5](#fig5){ref-type="fig"} B) mice. Similarly, NPPB, a Cl channel blocker, had a minimal effect on I~sc~ in K8−/− mice (1.0 ± 0.3 vs. 0.8 ± 0.4 μEq/h/cm^2^, [Fig. 5](#fig5){ref-type="fig"} B) but significantly decreased I~sc~ in K8+/+ mice (3.6 ± 0.8 vs. 2.1 ± 0.3 μEq/h/cm^2^; [Fig. 5](#fig5){ref-type="fig"} A). Hence, basolateral Na-K-2Cl is likely to be at least one target that is affected in K8-null mice.

![**Effects of transport inhibitors on I~sc~ mouse distal colon.** Distal colon (in lucite chambers) from K8+/+ (A) or K8 −/− (B) mice was bathed in normal Ringer solution and I~sc~ was measured (control). Bumetanide (Bmet, 100 μM, serosal side), NPPB (50 μM, mucosal side), or cAMP (1 mM, serosal side) was added and allowed to equilibrate for 15 min. I~sc~ was measured for two additional periods (+inhibitor). Results represent the average of two successive intervals (expressed as mean ± SEM). *n*, number of tissues studied in each group. \*, not significant compared with control; \*\*, P \< 0.001 compared with control; \*\*\*, P \< 0.05 compared with control. **^§^**, change in K8-null I~sc~ after cAMP addition is not significantly different from K8 WT (using paired *t* test).](200308103f5){#fig5}

Since Na and Cl absorption are impaired in K8−/− mice along with a net Cl secretion, the apical membrane in the tubular crypt cells, where secretion takes place, might be altered. To test this, we studied the ability of dibutyryl cAMP to stimulate active Cl secretion. Addition of cAMP caused significant but comparable I~sc~ increases in K8+/+ and K8−/− mice (3.0 ± 0.5 and 3.8 ± 0.67 μEq/h/cm^2^, respectively; [Fig. 5, A and B](#fig5){ref-type="fig"}). Therefore, parallel increases in I~sc~ in response to cAMP suggest that crypt cell function in K8−/− colon is intact.

Altered distribution of epithelial markers in K8-null distal colon
------------------------------------------------------------------

Given the dramatic differences in colonic transport in K8-null versus WT mice, we compared the histologic and ultrastructural features of K8 WT and null mouse colons. The colorectal hyperplasia in K8−/− mice ([@bib5]) is supported by the presence of frequent mitotic enterocytes ([Fig. 6](#fig6){ref-type="fig"} B). In addition, PCNA expression is increased in K8-null versus K8+/− or WT colons ([Fig. 7](#fig7){ref-type="fig"} A). The lumen in some areas of K8−/− colons contains some sloughed enterocytes ([Fig. 6](#fig6){ref-type="fig"} B) that partially mask what normally appears as a flat epithelium ([Fig. 6](#fig6){ref-type="fig"} A). Ultrastructurally, K8−/− and WT enterocytes are similar, having normal-sized microvilli while surface goblet cells in K8−/− colon are 1.4-fold larger in K8+/+ colon (1.64 ± 0.52 vs. 1.19 ± 0.55 μm^2^/goblet cell, respectively \[P = 0.012\]; [Fig. 6, C and D](#fig6){ref-type="fig"}). Also, K8−/− surface goblet cells have larger mucin-containing areas per cell than K8+/+ (1.24 ± 0.42 vs. 0.89 ± 0.49 μm^2^, respectively; P \< 0.003). The K8−/− mucin droplets are irregular and lack surrounding typical keratin bundles ([Fig. 6, E and F](#fig6){ref-type="fig"}).

![**Histologic, ultrastructural, and staining analysis of K8+/+ and −/− mouse distal colon.** K8+/+ and K8−/− distal colons were fixed then stained with hematoxylin and eosin (H&E; A and B), analyzed by transmission electron microscopy (TEM; C--F), or examined by immunofluorescence single or double staining to visualize H,K-ATPase (red, G--J; with nuclei stained green in I and J), K19 (red, K and L), F-actin (red, M--P; with nuclei stained blue in M--P). (A and B) Arrowheads in B highlight mitotic cells. Bar, 50 μm. L, lumen. (C--F) Arrowheads in E and F highlight keratin bundles that are present in K8+/+ (E) but absent in K8 −/− (F) mice. G, goblet cell; mv, microvilli. Bars: (C and D) 0.5 μm; (E and F) 0.05 μm. (G--J) H,K-ATPase in K8+/+ is uniformly distributed at the apical membrane of distal colon enterocytes (arrowheads in G) but is absent in the proximal colon (inset of G with asterisk highlighting apical membrane). I and J show H,K-ATPase staining at the basal regions of the crypts. Bars: (G and H) 0.05 μm; (I and J) 10 μm. The Ab also stains nonepithelial cells in the submucosa. (K and L) Arrowheads highlight the luminal apical membrane. Bar, 10 μm. (M--O) Panels O and P were obtained with identical but lower confocal laser intensity than M and N in order to visualize the uniformity (arrowheads in +/+ and −/−) versus the patchiness (asterisks in −/−) of F-actin distribution. Notably, all staining (G--P) is specific since using only second-stage antibodies on colons of +/+ or −/− mice was essentially blank (not depicted). Bar, 10 μm.](200308103f6){#fig6}

![**Alterations in K8-null ion transporter dynamics.** (A) Immunoblot analysis of K8+/+, +/−, and −/− distal colon. Total homogenates of distal colon were loaded in equal amounts (based on protein assay; further verified by blotting using anti-tubulin Ab, not depicted) and then analyzed by blotting using antibodies to the indicated proteins. For each genotype, homogenates from two independent mice are shown. (B) Immunofluorescence staining of AE1/2 and ENaCγ in colon of K8+/+ and −/− mice. Distal colon AE1/2 (red, a--d), F-actin (green, a and b; not depicted in c and d in order to highlight the AE1/2 red staining), ENaCγ (red, e--h), and nuclei (blue, a--h) were stained. Panels c, d, g, and h show higher magnifications of the base of the tubular crypts of the corresponding a, b, d, and f panels. L, lumen; M, muscle layer. Asterisks in f highlight the apical expression of ENaCγ. Bars: (a and b) 50 μm; (c and d) 10 μm; (e and f) 50 μm; (g and h) 10 μm. (C) Surface cell pH and Cl/HCO~3~ exchange activity in K8+/+ and −/− colon. Distal colon from K8+/+ and −/− mice was loaded with the pH~i~-sensitive dye BCECF-AM, and individual surface epithelial cells were imaged with a low-light CCD camera. Representative pH~i~ (vs. time) of surface cells in K8+/+ and −/− colon during transient removal of extracellular Cl (0-Cl^−^) are shown. Bar graphs show estimated Cl/HCO~3~ exchange activity based on the average alkalinization observed over 5 min after Cl removal, expressed as mean ± SEM. The number of cells counted/experiments are 170/14 (K8+/+) and 120/10 (K8−/−).](200308103f7){#fig7}

The epithelium of K8-null mice distal colon was evaluated using the markers H,K-ATPase-β, F-actin, and keratins. As anticipated, K7 and K18 (not depicted) and K19 ([Fig. 6, K and L](#fig6){ref-type="fig"}) remain in K8−/− as remnant keratins. The apical H,K-ATPase-β subunit had a patchy distribution in K8−/− as compared with K8+/+ colons ([Fig. 6, H and G](#fig6){ref-type="fig"}). H,K-ATPase was also uniformly present apically in K8+/+ cells in the more basal areas of the tubular crypts, but this staining was less prominent in K8−/− mice ([Fig. 6](#fig6){ref-type="fig"}, compare panels I and J). Overall H,K-ATPase protein levels were similar in K8+/+ and −/− distal colon ([Fig. 7](#fig7){ref-type="fig"} A). F-actin was uniformly distributed at the apico-lateral domains of K8+/+ enterocytes, while in the K8−/−, lateral F-actin was absent with patchy apical staining ([Fig. 6](#fig6){ref-type="fig"}, M--P; 15% of K8-null distal colon lining had gaps in apical F-actin staining, as compared with 6% in K8+/+). These results indicate that K8−/− distal colon has, in addition to increased cell proliferation, larger luminal goblet cells and mucus packets. Also, there is impaired targeting of H,K-ATPase and F-actin to apical/lateral locations.

Altered colonic expression and distribution of Na/Cl ion transporters in K8−/− distal colon
-------------------------------------------------------------------------------------------

We examined the distribution and expression levels of the anion exchanger AE1/2, the Na-transporter ENaCγ, and the Na-H exchangers NHE1 and NHE3, as potential candidate transporters that could account for the alterations in Na and Cl transport. AE1/2 protein expression was significantly higher in K8−/− as compared with K8+/− or +/+ colons ([Fig. 7](#fig7){ref-type="fig"} A). Colonic homogenates from additional mice afforded similar findings to those in [Fig. 7](#fig7){ref-type="fig"} (marked elevation of AE1/2 protein in five of six K8−/−, one of six K8+/+, and two of six K8+/− mice; not depicted). In contrast, ENaCγ ([Fig. 7](#fig7){ref-type="fig"} A) and NHE1/NHE3 (not depicted) levels were similar in all three mouse genotypes.

Fluorescence staining of K8−/− AE1/2 showed bright supranuclear and lateral increase (particularly in tubular crypt cells; [Fig. 7](#fig7){ref-type="fig"} B, a--d), thereby mirroring the blotting data of [Fig. 7](#fig7){ref-type="fig"} A. Although ENaCγ overall protein levels were not different between K8+/+ and K8−/− ([Fig. 7](#fig7){ref-type="fig"} A), immunostaining of ENaCγ showed an altered distribution from an apical and basolateral location in K8+/+ colons to supranuclear/basal and somewhat patchy but sharp apical location ([Fig. 7](#fig7){ref-type="fig"} B, e--h). ENaCγ was particularly strong apically in K8−/− crypt colonocytes ([Fig. 7](#fig7){ref-type="fig"} B, h), as compared with previously described ENaC isoforms on the apical membrane of rat colonocytes ([@bib21]). Therefore, the abnormal Na/Cl transport in K8−/− can be attributed to a generalized protein mistargeting that affects several ion transporters, and possibly by increased expression of the AE1/2 anion exchanger. The apparent mistargeting is not due to direct transporter--keratin association, as determined by lack of coimmunoprecipitation (not depicted).

Lack of Cl/HCO~3~ function in K8 null distal colon affects intracellular pH regulation
--------------------------------------------------------------------------------------

The observed increase in AE1/2 staining in K8−/− colon suggests that epithelial acid-base handling via Cl/HCO~3~ exchange activity (and thus intracellular pH \[pH~i~\] regulation) may be altered. We examined this hypothesis by monitoring pH~i~ in living intact surface mucosa using the pH~i~ sensitive dye BCECF-AM. Over a 10-min period, the resting pH~i~ of surface cells was not significantly different in K8+/+ versus K8−/− colon (7.12 ± 0.02, *n* = 170 cells from 14 experiments, vs. 7.10 ± 0.02, *n* = 120 cells from 10 experiments, P \< 0.40; not depicted). Nonetheless, because compensatory homeostatic mechanisms may mask true differences in Cl/HCO~3~ exchange activity, we estimated this activity by removing Cl. In cells with plasma membrane Cl/HCO~3~ exchange activity, removal of extracellular Cl reverses the exchanger, driving HCO~3~ (and/or OH) into cells and causing an alkalinization that reflects plasma membrane exchange activity ([@bib13]; [@bib54]). As expected, extracellular Cl removal increased steady-state pH~i~ in K8+/+ and K8−/− colon ([Fig. 7](#fig7){ref-type="fig"} C). However, alkalinization was greater in K8+/+ versus K8−/− colon (7.40 ± 0.02 vs. 7.21 ± 0.02, P \< 0.03). These data, combined with the staining results, suggest that while AE1/2 protein is increased in K8−/− colon, its effective plasma membrane activity is lower than in K8+/+ colon, consistent with the observed mistargeting.

The ion transport phenotype precedes colonic hyperproliferation and inflammation
--------------------------------------------------------------------------------

Young (1--2 and 14 d old) mice were studied to investigate the chronology of the colonic phenotypes in K8-null mice. As early as 1--2 d after birth, K8-null mice had loose stools and lower body weight compared with their WT and heterozygous littermates ([Table I](#tbl1){ref-type="table"}). Hyperproliferation (PCNA levels and histology) and inflammation (histology) were clearly discernible at 2 wk but were absent 1--2 d after birth ([Fig. 8](#fig8){ref-type="fig"} A). F-actin and H,K-ATPase (not depicted) and ENaCγ were redistributed as early as 1--2 d after birth ([Fig. 8](#fig8){ref-type="fig"} A, e--h). At days 1--2, AE1/2 is expressed only in the surface epithelium and not in the crypts ([Fig. 8](#fig8){ref-type="fig"} A, i and j) with similar protein levels in WT and K8-null colons ([Fig. 8](#fig8){ref-type="fig"} B), while by day 14, its expression extends to the crypts and becomes more prominent in K8−/− colon ([Fig. 8](#fig8){ref-type="fig"} A, i--l). These morphological data were confirmed by immune blotting ([Fig. 8](#fig8){ref-type="fig"} B). Therefore, lack of keratin filaments in the colon leads to altered ion transport, protein mistargeting, and diarrhea, before occurrence of hyperproliferation and inflammation.

###### K8-null and K8 WT mouse body weights in grams

  Mouse age         K8−/−        K8+/+        P value
  ----------------- ------------ ------------ ---------
  1--2 d            1.4 ± 0.2    1.6 ± 0.2    0.004
                    *n* = 12     *n* = 8      
  14 d              7.4 ± 1.2    8.1 ± 1.6    0.025
                    *n* = 8      *n* = 7      
  Adult (2--5 mo)   25.3 ± 3.3   28.5 ± 4.2   0.013
                    *n* = 11     *n* = 15     

###### 

**Colonic histopathology, ion transporter distribution, and expression levels in WT and K8-null young mice.** (A) Colon from 1--2-d-old and 14-d-old K8+/+ and K8−/− mice was stained with hematoxylin and eosin (H&E; a--d), or examined by immunofluorescence, double staining for ENaCγ (red, e--h) and nuclei (blue, e--h) or AE1/2 (red, i--l) and nuclei (blue, e--l). M, muscle layer; I, inflammation; L, lumen. Bars: (a--d) 50 μm; (e--h) 30 μm; (i--j) 50 μm; (k and l) 30 μm. (B) Total homogenates of the entire colon from 1--2-d-old (lanes 1--6) and 14-d-old (lanes 7--12) K8+/+ and −/− were analyzed by immunoblotting using Ab to the indicated proteins. For each genotype, homogenates from three independent mice are shown.
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Discussion
==========

Overview
--------

As a surrogate marker for intestinal keratin function, we studied the etiology of the diarrhea in K8-null mice, whose stool water content is 34% higher and whose body weight is significantly lower compared with normal mice ([Fig. 1](#fig1){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). Since diarrhea is caused by alterations in intestinal water movement, we hypothesized that keratins may modulate epithelial barrier function and/or ion transport. In testing this hypothesis, we showed that K8-null mouse distal colon manifests (a) normal tight junction permeability ([Fig. 2](#fig2){ref-type="fig"}), (b) decreased short circuit current and Na absorption and Cl secretion instead of the typical Cl absorption ([Figs. 3](#fig3){ref-type="fig"}--[5](#fig5){ref-type="fig"}), (c) increased luminal goblet cell size and mucus content ([Fig. 6](#fig6){ref-type="fig"}), (d) generalized mistargeting of luminal and basolateral enterocyte proteins, e.g., H,K-ATPase-β and F-actin ([Fig. 6](#fig6){ref-type="fig"}), (e) increased levels of the anion exchangers AE1/2 and altered subcellular localization of AE1/2 and the electrogenic Na transporter ENaCγ ([Fig. 7](#fig7){ref-type="fig"}), and (f) blunted Cl/HCO~3~ function in pH~i~ regulation ([Fig. 7](#fig7){ref-type="fig"}). The onset of the ion transport phenotype becomes apparent 1--2 d after birth, before onset of inflammation or hyperproliferation ([Fig. 8](#fig8){ref-type="fig"}). Overall findings are summarized in [Fig. 9](#fig9){ref-type="fig"} and [Table II](#tbl2){ref-type="table"}.

![**Schematic summary of the K8-null mouse colonocyte phenotype.** Absence of keratins in K8-null mouse intestine results in diarrhea and then colonic hyperproliferation. The diarrhea is, at least in part, due to increased Cl secretion and decreased Na absorption. These transport abnormalities are likely related to a generalized targeting defect that is reflected by patchy distribution of H,K-ATPase, ENaCγ, and actin and increased protein levels of AE1/2. PCNA levels also increase, which is consistent with the observed colonic hyperproliferation. The increased cell proliferation is likely related to altered pH~i~.](200308103f9){#fig9}

###### Summary of K8-null mouse colonic phenotypes

  Feature                                    1--2 d    14 d      Adult
  ------------------------------------------ --------- --------- ---------
  Diarrhea and lower body weight             **Yes**   **Yes**   **Yes**
  Inflammation                               No        **Yes**   **Yes**
  Hyperproliferation                         No        **Yes**   **Yes**
  ENaCγ redistribution                       **Yes**   **Yes**   **Yes**
  AE1/2 increase                             No        **Yes**   **Yes**
  Apical/lateral patchy F-actin/H,K-ATPase   **Yes**   **Yes**   **Yes**

It is not known if transport abnormalities also occur in the small intestine of K8-null mice, although near-complete absence of syntaxin and the apical markers sucrase-isomaltase, alkaline phosphatase, and CFTR were found within the upper 2/3 of the villi without affecting the crypts or the lower 1/3 of the villus (except for syntaxin; [@bib4]). The small intestinal abnormalities in K8−/− mice may also contribute to the diarrhea, despite crypt sparing and absence of histologic abnormalities. Furthermore, although diarrhea in human sucrase-isomaltase deficiency is caused by a mutation that converts it into secreted species with loss from the cell surface ([@bib25]), it is unknown if mice have a functional redundancy in such enzymatic activity. Other potential contributing factors to the diarrhea in K8-null mice include the colonic inflammation and/or goblet cell phenotype. Released products from epithelial or invading inflammatory cells could potentially alter the function of Na and/or Cl transport. However, our time course assessment ([Fig. 8](#fig8){ref-type="fig"} and [Table II](#tbl2){ref-type="table"}) indicates that diarrhea and protein mistargeting are observed shortly after birth before onset of inflammation and hyperproliferation. Still, the onset of colitis in K8-null mice (between 3 and 13 d) is early among other inflammatory bowel disease genetic models that typically begin 1--4 mo after birth (e.g., IL-2−/−), with the earliest occurring in IL-7 transgenic 1--3-wk-old mice ([@bib49]).

Altered ion transport in the distal colon in K8-null mice
---------------------------------------------------------

Diarrhea may occur when ileocecal flow exceeds the maximal absorptive capacity of the colon or via an alteration in colonic absorptive functions ([@bib8]). The latter can be due to "leaky" tight junctions ([@bib23]; [@bib31]), which does not occur in K8-null mice, since their distal colon conductance and urea fluxes were comparable to WT. Diarrhea can also result from transcellular ion transport defects in the absence of histological abnormalities, as occurs in abnormal luminal Cl/HCO~3~ exchanger (DRA) leading to congenital chloride diarrhea or in secretory diarrhea caused by a defective Na/H exchanger ([@bib27]; [@bib31]). Our results show that near-total keratin absence significantly decreases I~sc~ and Na/Cl absorption; the markedly decreased I~sc~ suggests that K8-null mice have defects in electrogenic transport. Mucosal Na removal did not result in significant further decrease in I~sc~, and there was no effect on net Cl fluxes. Cl removal also did not further decrease the I~sc~ or net Na flux, thereby supporting the absence of Cl-dependent electrogenic Na absorption in K8-null mouse distal colon. The mechanism of active Cl secretion in K8-null mice does not appear to be due to an apical Cl channel activity because the low I~sc~ values in these animals counters basal apical Cl channel function, since Cl channel function would result in elevated I~sc~ in contrast to the decreased observed I~sc~. Rather, it appears that normal Cl absorptive processes are absent in K8-null mice. We speculate that lack of Cl absorption, in turn, is likely related to mistargeting of the Cl/HCO~3~ transporter, since pH~i~ measurement demonstrated blunted function of this protein in K8-null distal colon despite its elevated expression as determined by staining and blot analysis.

While electroneutral Na/Cl absorption is well characterized in rat distal colon ([@bib36]), little is known regarding the mouse, prompting us to define ion transport in WT mice. Although net Na and Cl fluxes were nearly equal in normal mice, thereby suggesting electroneutral Na/Cl absorption, ion substitution revealed that WT mice have an electrogenic and partially Cl-dependent Na transport, and an Na-independent electroneutral Cl absorption. The mechanism of partial Cl-dependent Na absorption is unknown, though similar Cl-dependent, electrogenic Na transport occurs in rabbit cecum ([@bib45]). I~sc~ was relatively high (5.6 μEq/h/cm^2^) in WT mice considering the relatively low I~sc~ in rat distal colon ([@bib36]), but similar high I~sc~ was reported in mouse and rabbit distal colon ([@bib16]). In contrast, others ([@bib18]) reported low I~sc~ (1.0 μEq/h/cm^2^) and suggested the presence of electroneutral Na/Cl transport in mouse colon, although their net Na and Cl fluxes (5.1 and 6.1 μEq/h/cm^2^, respectively) were similar to our findings (5.6 and 5.4 μEq/h/cm^2^, respectively). The discrepancy between these studies may be due to mouse strain differences, which may also explain the relative insensitivity of K8+/+ electrogenic Na absorption to amiloride, as found by others ([@bib17]), though amiloride-sensitive Na absorption in mouse colon has been reported ([@bib44]; [@bib48]; [@bib16]).

Altered Na/Cl transport in K8-null distal colon is likely caused by mistargeting or redistribution of ion transporters
----------------------------------------------------------------------------------------------------------------------

Transport proteins in the apical and basolateral cell membranes maintain the balance of transepithelial Na, Cl, and other electrolyte transport processes ([@bib8]). The patchy distribution of H,K-ATPase, ENaCγ, AE1/2, and F-actin in K8-null mice distal colon suggests a generalized mistargeting of proteins when keratin filaments are absent. The abnormal organization of ENaCγ, an electrogenic apical Na transporter ([@bib1]; [@bib3]), offers one potential explanation for the decreased electrogenic Na uptake in K8-null mice. Similar patchiness, accompanied by significant overexpression, was also noted in the AE family of Cl/HCO~3~ exchangers AE1/2 ([@bib36]; [@bib2]). In mouse colon, AE1/2 transport Cl into the cell in exchange for HCO~3~ and are found primarily on the basolateral membrane, with highest expression in surface cells ([@bib2]). Increased AE1/2 protein, if functional, may increase intracellular Cl pools, thereby leading to Cl secretion rather than absorption. The supranuclear AE1/2 staining could involve the Golgi apparatus, since AE1/2 protein also localizes with the perinuclear Golgi where it interacts with the ankyrin/spectrin/actin cytoskeletal networks ([@bib22]). AE1/2 may also couple to Na absorption across the apical membrane via NHE2 and NHE3 exchangers ([@bib2]). Interestingly, NHE3-null mice (which overexpress the apical Cl/HCO~3~ transporter DRA) have diarrhea and colonic hyperproliferation ([@bib43]), two remarkably similar findings to that observed in K8-null mice, thereby further supporting a transporter--keratin link.

The surface cell pH~i~ ex vivo results support our observed biochemical and distribution alterations of AE1/2. In any cell, steady-state pH~i~ is determined by the sum of acid-loading and acid-extruding processes ([@bib11]). In the absence of homeostatic compensation, increased plasma membrane Cl/HCO~3~ exchange will lower resting pH~i~ and vice versa ([@bib13]; [@bib54]). Steady-state pH~i~ in K8+/+ and K8−/− was similar despite a marked increase in AE1/2 protein in K8−/− colon. This is consistent with mistargeting of AE1/2 such that plasma membrane Cl/HCO~3~ exchange activity remains effectively unchanged or homeostatic compensation that masks an increase in Cl/HCO~3~ activity, or both. However, a 50% decrease in K8−/− Cl/HCO~3~ exchange activity upon extracellular Cl removal is consistent with the vectorial flux data where electroneutral Cl absorption is absent from K8−/− colon. Thus, it appears that increased acid loading transport and/or metabolic H^+^ production compensates for decreased plasma membrane Cl/HCO~3~ exchange activity in K8−/− colon to maintain an optimal "set point" for epithelial function and proliferation.

Our study also provides a likely contributory cause of colonic hyperproliferation in K8-null mice. Another untested contributing factor may include a tropic effect induced by inflammation, since inflammation and proliferation appear to follow mistargeting ([Table II](#tbl2){ref-type="table"}). Cell cycle disturbances also occur in K8-null hepatocytes, but the genesis of such disturbances is unknown ([@bib53]). Our working model ([Fig. 9](#fig9){ref-type="fig"}) is that a change of pH~i~ regulation accompanies the altered transporter defects we observed coupled with the inability to alkalinize. pH alterations could then trigger cell proliferation ([@bib10]; [@bib46]), as noted in NHE3-null mice that also manifest colonic hyperplasia ([@bib43]; [@bib31]).

What is the function of keratins in the intestine?
--------------------------------------------------

There is an emerging theme that the function of keratins in simple epithelia may depend on the epithelial tissue involved rather than the specific keratin per se. This is based on findings in the liver and pancreas where K8/18 are essential for cytoprotection in the liver but dispensable in the pancreas ([@bib15]). In contrast to K8-null hepatocytes, which die during isolation ([@bib33]), isolated K8-null and WT colonocytes/crypts appear to withstand isolation procedures similarly akin to K8-null pancreatic acini/acinar cells ([@bib52]). It remains to be tested if other stresses unmask a small or large intestinal cytoprotective function for keratins. However, the small intestine and colon behave differently when intestinal keratins are depleted, since the histology of K8-null mouse small intestine is normal while the large intestine has colitis and hyperproliferation ([@bib5]). This is also supported by the somewhat different molecular findings noted in the small ([@bib4]) and large intestine (present study). For example, K8-null mouse jejunum has near-complete absence of several apical markers in the upper 2/3 of the villus ([@bib4]), while the colon has a generalized alteration in the entire epithelium with reorganization and accompanying patchy distribution of several apical and basolateral markers. Mistargeting of the bile canalicular transmembrane enzyme ecto-ATPase in K8-null hepatocytes from a preferentially apical to a mixed apical-basolateral distribution also occurs ([@bib41]; [@bib4]). These distribution differences may share the common feature of mistargeting, with variable degrees of severity. The mechanism of how such mistargeting may occur requires resolution, but interference of keratin interactions with microtubules or other cytoskeletal elements ([@bib14]; [@bib32]) is possible.

Although mistargeting of membrane proteins in the colon of K8-null mice is relatively generalized, the direct or indirect consequences result in modulation of Na and Cl transport and diarrhea, which precede hyperproliferation and inflammation. These observations indicate a novel function of keratins in the colon. Of potential relevance, epidermal keratins appear to be important for skin barrier function, as suggested by findings in patients with epidermolytic hyperkeratosis (due to K1/K10 mutations), which demonstrate a threefold increase in baseline trans-epidermal water loss rates ([@bib42]). The novel involvement of keratins in ion transport may be supported by the I~sc~, Na, and Cl net fluxes in K8+/− mice, which did not have measurable diarrhea, but that were intermediate between WT and K8-null mice. This suggests a dose effect of keratin depletion such that expression of only one allele may cause subtle changes in Na/Cl transport. The observed mistargeting phenotype may also explain the poorly understood increased susceptibility of K8-null ([@bib12]; [@bib20]) or dominant-negative K18 mutant ([@bib30]) mouse hepatocytes to apoptosis.

Materials and methods
=====================

Antibodies
----------

We used rabbit Abs to ENaCγ (provided by C. Canessa, Yale University), colonic H,K-ATPase β subunit ([@bib40]), 8592 to K8/18 ([@bib56]), or AE1/2 Ab 5288 (provided by R. Kopito, Stanford University; [@bib50]); and rat mAbs to mouse K8 (Troma I; Developmental Studies Hybridoma Bank, University of Iowa), mouse K19 (Troma III; provided by T. Magin, University of Bonn, Bonn, Germany), and mouse anti-PCNA Ab1 (Neomarkers). Texas red or FITC-conjugated phalloidin was used for F-actin staining, and nuclei were stained with Toto-3 or Yo-Pro (Molecular Probes).

Animals and stool analysis
--------------------------

K8+/−, −/−, and +/+ littermates were generated by interbreeding of K8+/− mice (in an FVB/n background) and genotyped ([@bib5]). Young (1--2 or 14 d old) or adult (2--6 mo old) mice were studied. Stool was collected (5 hourly collections/group) from six mice (5--6 mo old; 3 male, 3 female/genotype) that were housed in metabolic cages, and then weighed (wet weight). The stool was oven dried (95°C, 12 h), reweighed (dry weight), and then percent hydration was calculated (\[wet − dry weight\]/wet weight × 100).

Flux studies
------------

Active Na and Cl transport was measured across isolated distal colonic mucosa in lucite chambers ([@bib9]; [@bib28]). In brief, distal colon was excised and flushed with oxygenated Ringer solution (pH 7.4, 4°C). The colon was cut open and 1--2-cm pieces of unstripped distal colon were mounted in flux chambers (6 mm inner diameter) and bathed in appropriate Ringer solutions (37°C, continuously gassed with a 95% O~2~--5% CO~2~ mixture). Na-free and Cl-free solutions were prepared by substituting Na and Cl with *N*-methyl-[d]{.smallcaps}-glucamine or isethionate, respectively. The potential difference (P.D.) and short circuit current (I~sc~) were measured, and conductance (G) was calculated using Ohm\'s law. G and I~sc~ were corrected for the surface area of the lucite chambers. Unidirectional Na and Cl fluxes were measured using ^22^Na and ^36^Cl tracers under voltage-clamp conditions. Net fluxes were calculated from the difference between oppositely directed mucosa-to-serosa and serosa-to-mucosa fluxes across tissue pairs that were matched on the basis of differences in initial conductance (\<10%). In all experiments, two 15-min flux periods (after a 15-min initial equilibration) were combined to obtain a single flux value for each tissue pair (similarly performed using Na-free or Cl-free bath solutions). In Na substitution experiments, initial I~sc~ and ^36^Cl fluxes were measured with Na-free mucosal solution, and then the mucosal solution was replaced with Na-containing solution.

Paracellular transport was studied using the nonabsorbable marker \[^14^C\]urea. Fluxes were performed under open-circuit conditions. The effect of transport inhibitors on I~sc~ was examined following basal I~sc~ measurements by adding amiloride (100 μM, to mucosal bath) to inhibit the ENaC family of Na channels; dibutyryl cAMP (1 mM) to stimulate Cl secretion through CFTR in the crypt apical membrane; bumetanide (100 μM, to serosal bath) to inhibit basolateral Na-K-2Cl cotransport (and consequently Cl secretion); or 5′-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB; 50 μM, mucosal bath) to inhibit apical membrane Cl channels.

Surface cell preparation and pH~i~ measurements
-----------------------------------------------

A ∼0.5 cm^2^ patch of distal colon was placed between two concentric Teflon^®^ O-rings (E.W. Wright, Inc.), immersed in a 250-μl chamber at 37°C, and mounted on an inverted microscope (IX-70; Olympus America, Inc.) equipped for epi-illumination to live-image surface epithelial cells within intact mucosa ([@bib37]). Ringer buffer continuously superfused serosal and mucosal aspects and was delivered through a zero-dead-space manifold (Warner Instruments). Surface cells were loaded for 30 min with the pH-sensitive dye BCECF (2′,7′-bis-\[2-carboxyethyl\]-5-\[and-6\]-carboxyfluorescein) by switching the solution to a Ringer containing 10 μM BCECF-AM (2′,7′-bis-\[2-carboxyethyl\]-5-\[and-6\]-carboxyfluorescein-acetoxymethyl) (Molecular Probes; [@bib38]). Ringer solutions were the same as those used for the flux studies except that the Cl-free solution was prepared using gluconate. High-K^+^/nigericin calibration solution contained 10 μM nigericin, 105 mM KCl, 1.0 mM CaCl~2~, 1.2 mM MgSO~4~, 2 mM H~3~PO~4~, 10.5 mM dextrose, 32.2 mM Hepes, 46.4 mM NMDG (pH adjusted with HCl or NMDG). Fluorescence emission was monitored at 530 nm while alternately exciting the dye at 440 and 490 nm using a cooled CCD-based imaging system (Merlin^®^; PerkinElmer). Image pairs were obtained every 5 s, and, using image analysis software, pixels within the boundaries of individual surface cells were grouped. For each cell in each sample, I~490~/I~440~ was determined, and each experiment was concluded with a single-point calibration using the nigericin/high-K^+^ technique, clamping pH~i~ at 7.00 ([@bib13]; [@bib47]).

Tissue processing, immunoblotting, and microscopy
-------------------------------------------------

Distal colon was excised, rinsed, and then (a) snap-frozen in liquid N~2~ for subsequent biochemical analyses, (b) immediately fixed in 10% formalin for hematoxylin and eosin staining (Histo-tec Laboratory; Hayward, CA), or fixed in 2% glutaraldehyde for electron microscopy analysis ([@bib52]), or (c) embedded in O.C.T. compound (Miles Inc.) and then rapidly frozen for subsequent cryosectioning and Ab staining ([@bib52]). For 1--14-d-old mice, the entire colon was used for biochemical analysis and immunofluorescence.

Total cell lysates were prepared for SDS-PAGE and immunoblotting ([@bib52]). Goblet cell size was estimated from electron micrographs of identical magnification. Micrographs were copied onto paper, and individual goblet cells or mucus vacuoles were cut out and then weighed, followed by conversion of the weight (grams) to surface area (μm^2^). Continuity of F-actin along the luminal epithelium was assessed using 25 images of F-actin--stained tissues (where the entire luminal epithelium could be distinguished) from three mice/genotype (40x objective, MRC1024ES confocal microscope, and Lasersharp software; BioRad). The percent of F-actin gaps (areas lacking F-actin staining) was calculated for each image as (\[length of actin gaps/total length of analyzed surface epithelium\] × 100).

Colonocyte isolation and cell viability
---------------------------------------

Colonocyte/crypt units were isolated based on a method for rat colon ([@bib39]). In brief, Krebs Hensleit buffers (25 mM NaHCO~3~, 11.8 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO~4~, 1.2 mM NaH~2~PO~4~, pH 7.4, 37°C) without (KH-Ca) or with (KH+Ca) 1.2 mM CaCl~2~ calcium were prepared and oxygenated. The entire colon was excised and gently flushed with KH-Ca. A thread (3--0 Plain gut; United States Surgical) was pushed through the intestine, a knot tied around one end, and the intestine inverted. The intestine, now with the epithelium facing out, was inflated with KH-Ca/0.25% BSA, and the other end ligated. The colon was place in KH-Ca/5 mM EDTA/0.25% BSA, stirred (37°C, Dubnoff shaker, 70 oscillations/min, 25 min), gently rinsed with KH+Ca, and then vigorously shaken (1 min) in KH-Ca/0.25% BSA. Collected cells were pelleted (1,500 rpm, 5 min) and washed twice (1,000 rpm, 3 min, 22°C) with oxygenated KH+Ca/2.5% BSA. Cell viability was determined by trypan blue exclusion and by LDH releases (BioVision) as percent of total LDH.

Statistical analysis
--------------------

Numerical data for stool hydration, goblet cell size, and mucus content were compared using two-tailed *t* test. One-tailed *t* test was used for surface cell pH measurements. Flux data were analyzed using unpaired *t* test, and paired *t* test was used to compare the change in I~sc~ after cAMP addition between WT and K8-null groups, and Wilcoxon Signed Ranks nonparametric analysis to calculate significance between control and +cAMP time periods. Mouse weights were analyzed using a one-sided randomized block permutation test.
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